The nematode Caenorhabditis elegans has two sexes: males and hermaphrodites. Hermaphrodites are essentially female animals that produce sperm and oocytes. In the past few years tremendous progress has been made towards understanding how sexual identity is controlled in the worm. These analyses have revealed that the regulatory pathway controlling sexual development is far from linear and that it contains a number of loops and branches that play crucial roles in regulating sexual development. This review summarizes our current understanding of the mechanisms that regulate sexual cell fate in C. elegans.
Introduction
In most animals, sexual reproduction is required for propagation, and this process depends on the generation of two different sexes. Typically, the choice of sexual identity is made early in life, and has far reaching consequences for development and behavior. In the nematode Caenorhabditis elegans, sexual identity is determined by the activity of many genes that interact in a complex regulatory cascade (Figure 1 ). This cascade not only controls sexual traits, but also sets the level of gene expression for the X chromosome in a process called dosage compensation [1] .
C. elegans has two sexes: hermaphrodites and males. Hermaphrodites are essentially female animals that produce sperm during larval development and oocytes during adulthood. Hence, hermaphrodites are capable of self-fertilization, as well as cross-fertilization by males. Although some adult structures such as the pharynx are similar in males and hermaphrodites, most tissues and many aspects of behavior are different [2, 3] . For example males produce only sperm and their gonads have a unique morphology that delivers these sperm to the cloaca. Their hypodermis and musculature are different, to allow mating, and their nervous system has been modified to control these unique structures. Even their intestines differ: whereas the hermaphrodite intestine produces yolk proteins, the male one does not.
In the past few years the molecular mechanisms controlling many aspects of sex determination have been revealed. These analyses have identified a number of key molecular interactions, some of which are temporally and spatially regulated. In addition it appears that the pathway is not as linear as once thought and that several loops and branches in the pathway play important roles in specifying sexual development. It is possible that the complexities associated with C. elegans sex determination may result from the evolution of hermaphroditism, where essentially a female soma must first make sperm then oocytes. It is also possible these complexities reveal a necessity of key developmental pathways to be highly regulated so to minimize errors in specification of cell fates. This review will summarize our current understanding of this process.
Sex Determination and Dosage Compensation

Control of xol-1 by the X:A Ratio
The primary signal for sex determination is the ratio of X chromosomes to sets of autosomes, which causes XX animals to become hermaphrodites and XO animals to become males [4] . Early in development, this ratio regulates the activity of xol-1 (Figure 1 ), a key developmental switch gene that controls both sex determination and dosage compensation. xol-1 encodes a novel protein, and during early embryogenesis, high levels of XOL-1 protein activity promote male development and low levels promote hermaphrodite development [5] . Furthermore, loss-of-function mutations in xol-1 result in feminization of XO animals, and cause their deaths due to disruption of dosage compensation [6] . The male specifying xol-1 transcript is not needed after the end of gastrulation; thus, an irreversible commitment to one sexual fate has been made by that time.
The early time at which xol-1 acts strongly suggests that it is a direct target of the X:A signal. This signal must involve elements on the X and elements on the autosomes that are compared, such that the two-fold difference between males and hermaphrodites is amplified into high or low levels of XOL-1 activity. Genetic analyses indicate that the X chromosome signal is polygenic, and that the combined action of these X signal elements is required to inhibit xol-1 activity in hermaphrodites [7] . At least four different regions, regions 1-4, of the X contain signal elements, and two of these elements have been identified molecularly: sex-1 (region 4, see [8] ) and fox-1 (region 3, see [9] ). Increasing the dose of these elements in XO animals represses xol-1, promotes hermaphrodite development and causes death because dosage compensation is activated [9, 10] . Decreasing their dose in XX animals activates xol-1, promotes male development, and causes death due to failure to initiate dosage compensation. To date, no autosomal signal elements have been identified. What molecular mechanisms interpret the X:A ratio? Two lines of evidence indicate that sex-1 regulates the transcription of xol-1 [8] . First, the sex-1 gene encodes a nuclear hormone receptor homologue. Second, loss of sex-1 activity causes aberrant transcription of xol-1 in XX embryos, resulting in lethality and masculinized development. Interestingly, SEX-1 also contains an activation function 2 motif, which is required by other nuclear hormone receptors for ligand-dependent activation. The presence of this domain suggests that cell-cell interactions might contribute to the initial steps of sex determination in the worm. As region 1 also appears to control the transcription of xol-1, one attractive model is that a ligand for SEX-1 is encoded by an element in this region of the X chromosome.
In contrast to sex-1, fox-1 and region 2 act posttranscriptionally to regulate xol-1 expression [9] . The fox-1 gene encodes a protein with ribonuclear protein (RNP) motifs, suggesting that it might bind the xol-1 RNA. It is possible that the FOX-1 protein regulates xol-1 alternative splicing, or it might govern another aspect of xol-1 mRNA metabolism.
Why are there at least two distinct mechanisms that control the expression of XOL-1? One possibility is that the combinatorial effect of these regulatory mechanisms allows the worm to discriminate accurately between small differences in the X:A ratio. For example, an X:A ratio of 0.67 causes male development, whereas one of 0.75 causes hermaphrodite development [4] . This model is also supported by the observation that inactivation of a single X signal element results in some XX lethality and masculinization, whereas removal of two elements causes full lethality.
Control of the sdc Genes by xol-1
Three genes are required in XX animals to promote both hermaphroditic development and dosage compensation -sdc-1 [11] , sdc-2 [12] , and sdc-3 [13] . The primary means by which XOL-1 transmits the X:A signal appears to be by negative regulation of sdc-2, as SDC-2 is not expressed in wild-type XO embryos, but is expressed in xol-1 XO embryos [14] . How XOL-1 controls the expression of sdc-2 is not known. Although SDC-3 is present in both XX and XO embryos, its levels are lower in young XO embryos then in young XX embryos, and it is absent in older XO animals. Thus, sdc-3 might also be a target of XOL-1. Null mutations in sdc-2 and sdc-3 have no effect on XO animals but cause complete reversal of sexual fate in XX animals; null mutations in sdc-1 cause only a partial reversal of sexual fate. The sdc genes control XX hermaphrodite development by regulating the expression of the downstream sex-determining gene, her-1 (see below, [15] ), a gene required for male development.
SDC-2 and SDC-3 might act in a complex to directly repress her-1 transcription. This model is supported by the finding that SDC-2, a novel protein that is highly charged and contains coiled-coil motifs [14] , is targeted to transgenic copies of the her-1 promoter [14] . Moreover, this localization is blocked by specific sdc-3 mutations, called sdc-3(Tra) alleles [14] . SDC-3 is a novel protein that contains two functional domains [16] . The first is a zinc finger motif that is required for dosage compensation but not for sex determination. The second resembles a myosin ATPase domain, and is necessary for sex determination but not for dosage compensation. The sdc-3(Tra) mutations alter this latter domain. Dominant mutations in the her-1 promoter cause constitutive expression of her-1 [17] , and might disrupt the site at which the SDC proteins act. The role of SDC-1 in regulating sexual development is less clear. SDC-1 has seven zinc fingers and resembles TFIIIA [18] . Although the phenotypes of sdc-1 mutants are weak and can be rescued maternally [19] , SDC-1 might be an important cofactor of SDC-2, as the phenotypes of double mutants are much stronger than those observed for either mutation alone. Surprisingly, mutations in the dosage compensation genes can feedback to influence sexual fate [13] . Mutations that inactivate the dosage compensation machinery suppress the partial masculinization caused by either sdc-3(Tra) mutations or sdc-1 mutations. This effect might be caused by elevated expression of sdc-2, which is located on the X chromosome, or instead by defects in the dosage compensation complex which make it more favorable for SDC-2 to bind the her-1 promoter. As the presence of a third X chromosome has the same effect as mutations in the dosage compensation genes, we favor the former model.
Somatic Sex Determination
Regulation of TRA-2A by HER-1 As mentioned above, her-1 is required for male development, as mutations in her-1 cause XO animals to develop as hermaphrodites but do not affect dosage compensation [20] . The her-1 gene is predicted to encode a novel protein with an amino-terminal signal sequence and potential cleavage and glycosylation sites [21] , suggesting that HER-1 is a secreted protein. This conclusion is consistent with the observation that her-1 does not act cell autonomously [21, 22] .
HER-1 promotes male development by repressing the activity of tra-2. As the major transcript of this gene, tra-2A, encodes a transmembrane protein [23] , it is simple to imagine a direct interaction between secreted HER-1 and TRA-2A. This model is supported by a special class of mutations in tra-2, called tra-2(eg) alleles, which alter a single amino acid in the extracellular domain [24] . This change makes TRA-2A behave as if it were insensitive to HER-1, so that XO animals develop as hermaphrodites. The amino acid altered by these tra-2(eg) mutations has been conserved in both C. briggsae [25] and C. remanei [26] , two related species of nematode. Thus, the simplest model is that the tra-2(eg) mutations disrupt the HER-1 binding site and the ability of HER-1 to inhibit TRA-2A (Figure 2 ). 
Regulation of TRA-1A Activity by the FEM Proteins
The final gene in the sex-determination pathway is tra-1, which acts cell autonomously to promote hermaphrodite development [20, 40, 41] . This gene encodes two proteins: a transcription factor called TRA-1A, which contains five zinc fingers, and a smaller protein, TRA-1B, which is colinear with the amino terminus of TRA-1A and contains only two zinc fingers [42] . In contrast to TRA-1A, TRA-1B does not bind DNA, suggesting that it is not transcriptionally active [43] . At this time, the function of TRA-1B is unknown.
Although genetic experiments indicate that the FEM proteins promote male development by inhibiting TRA-1A activity, how they do so is a mystery. They are unlikely to act transcriptionally, as tra-1 mRNA levels do not differ between males and hermaphrodites [42] . The phosphatase activity of FEM-2 is necessary for its activity [36] , so it is possible that FEM-2 controls the activity of TRA-1A by altering its phosphorylation state. Alternatively the FEM proteins might control sexual development by regulating the nuclear levels of TRA-1A (Figure 2 ). Recent analyses of the germ line and intestine have revealed that hermaphrodite tissues have higher TRA-1A nuclear levels than male tissues [44] . Thus TRA-1A transcriptional regulatory activity might be specified by nuclear versus cytoplasmic distribution of the protein. TRA-1A activity is inhibited post-translationally by a mechanism that involves a small region, called the GF domain, located in the amino terminus of TRA-1A [49] . Gain-of-function mutations in this domain cause increased TRA-1A activity, such that both XX and XO animals develop as females. The GF domain is conserved in the C. briggsae TRA-1A protein [50] . This site might be the target of proteins that inactivate TRA-1A or the site of a regulatory modification. regulation might control sexually dimorphic gene expression.
Control of Somatic Cell
Germ Line Sex Determination
Although genes involved in somatic sex determination also act in the germ line, germ line sex determination has some unique genes as well. These differences might reflect the fact that specification of sexual fate must be modulated in the hermaphrodite germ line so that it produces sperm during the fourth larval stage and oocytes during adulthood. To identify genes that regulate the sexual fates of germ cells, mutations were identified that either caused hermaphrodites to produce only oocytes, transforming them into true females, or only sperm, rendering them sterile. Recessive mutations that promoted oogenesis affect the genes fem-1, fem-2 and fem-3, which are also important in the soma (see above), and three additional genes, fog-1, fog-2 and fog-3. In addition, dominant mutations in tra-1, tra-2 and laf-1 promote oogenesis. By contrast, recessive mutations in the genes mog-1 through mog-6 promote spermatogenesis, as do dominant mutations in fem-3. Genetic analysis of these mutants revealed that fog-1, fog-3 and the three fem genes are essential for both males and hermaphrodites to make sperm. By contrast, fog-2 and the mog genes do not appear to play any role in males, suggesting a specialized role for specifying hermaphrodite development. FOG-3 is a novel member of the Tob family of proteins [63] . These proteins are found in all animals, and share a common amino-terminal domain of 115 amino acids. The Tob family has been implicated in the control of cell division and differentiation, and some data suggest that they might act by either transcriptional or post-transcriptional mechanisms.
Specification of Germ Cells to Become Sperm or Oocytes
TRA-1A may regulate germ cell fate by regulating transcription of fog-1 and fog-3. Each gene has three to six potential TRA-1A binding sites in its promoter, more than are found in any other gene in the animal [60, 64] . In addition, the fog-3 promoter binds TRA-1A in gel shift assays, and this binding requires these sites [64] . Surprisingly, analyses of point mutations in the fog-3 promoter indicate that some of the TRA-1A binding sites mediate activation of fog-3, whereas studies of fog-3 expression show that at least one site probably mediates repression. This complexity may explain why genetic analyses show that tra-1 is required to promote both oogenesis [40] and spermatogenesis [41, 65] . Regulation of fog-3 by TRA-1A appears to be conserved in other species of nematodes [66] .
The fem genes are also required for spermatogenesis; however, genetic and molecular analyses suggest that they have multiple roles in specifying sexual development. As in the soma, the three fem genes act by regulating the activity of tra- The other gene required for hermaphrodite spermatogenesis is fog-2, which might also act via the tra-2 3′UTR to control sperm production. The FOG-2 protein binds GLD-1 in a yeast two-hybrid assay and in vitro, which implies that these proteins work together to regulate tra-2 [77] . Genetic data are consistent with the idea that FOG-2 regulates TRA-2 activity, as epistasis analyses place fog-2 upstream of tra-2, and loss of fog-2 activity causes XX animals to produce only oocytes -the same phenotype as tra-2(gf) mutants [69] . Although FOG-2 contains an F-box domain, which is likely to mediate protein-protein interactions or possibly ubiquitination, this domain is not needed for interaction with GLD-1 [77] . Perhaps this domain recruits other proteins to the tra-2 3′UTR to help mediate repression. FOG-2, unlike GLD-1, is not pleiotropic. It appears to affect only hermaphrodite sperm production, suggesting that its major role is to control tra-2 mRNA activity. The fact that GLD-1 can associate with multiple germ line mRNAs, while the role of FOG-2 appears specific to tra-2 messages, might indicate that GLD-1 can form specific mRNA-protein complexes, whose components depend on the nature of each target. Taken together these results suggest that hermaphrodite spermatogenesis depends upon GLD-1 binding TGEs to repress tra-2 translation. GLD-1 acts in a complex, and FOG-2 might play a crucial role in the ability of this complex to block translation.
Hermaphrodite Oogenesis Requires PostTranscriptional Control of fem-3
Hermaphrodite oogenesis requires that the activity of the fem-3 mRNA is repressed by a Point Mutation Element (PME) in its 3′UTR [37, 78, 79] (Figure 4) . Gainof-function mutations in the PME result in increased fem-3 activity, causing XX animals to make only sperm. As these mutations do not alter the levels of fem-3 transcripts, but do increase the length of the poly(A) tail -a phenomenon correlated with increased translation -these mutations might alter the binding site for a protein that regulates translation or another aspect of RNA metabolism. Two proteins were found through yeast three-hybrid assays, FBF-1 and FBF-2, that are remarkably similar to one another and that bind the fem-3 PME [80] . This interaction is blocked by a mutation in the PME, and inactivation of the fbf genes by RNA-mediated interference replicates the Review R116 The activity of fem-3 mRNA is also controlled by a second group of genes. Recessive mutations in any of the genes mog-1 to mog-6 cause hermaphrodites to produce sperm instead of oocytes [82, 83] . By using reporter assays, Gallegos et al. [84] showed that mog genes are active in the soma as well as the germ line, and that they act through the fem-3 3′UTR to repress gene activity. Of these genes, mog-1, mog-4 and mog-5 have been cloned [85, 86] , and all three encode DEAHbox proteins that are similar in sequence to the yeast proteins PRP16, PRP2 and PRP22, respectively. Although the yeast homologs act in the spliceosome to regulate splicing of messenger RNAs, it is not clear how the MOG proteins function, nor whether they affect the activity of fem-3 mRNA directly or indirectly. The mog genes are required to make viable embryos [82, 83] , but the complete inactivation of mog-1 appears to have no broad effect on the splicing of mRNAs [85] .
Which Genes Regulate the Switch in Dominance from TRA-2A to FEM-3 Activity? Although many genes are known to regulate the activities of tra-2 and fem-3 during germline development, none of the regulators of tra-2 and fem-3 activities has been shown to change expression levels during the switch from spermatogenesis to oogenesis in maturing hermaphrodites. Three explanations might account for this puzzle. First, the switch may be caused by the change in the activities of one of the regulatory proteins in a manner that is not detectable by RNA or protein in situ hybridizations. Second, the switch might result from a change in the activity of a gene that has not yet been discovered. Third, the switch may occur by changes in the relative activities of the tra-2 and fem-3 regulators due to the increasing size and cell number in the developing germ line, so that the ratio of tra-2 to fem-3 activity itself flips as the animals begin adulthood.
Why Does Sex Determination in the Germ Line Show Extensive Translational Regulation?
Why do the genes that regulate germ cell fate show such a complex pattern of regulation and feedback? We cannot definitively answer such a question, but several possibilities exist. Oocytes contain a large store of maternal transcripts, including those produced by genes such as fem-1, fem-2, fem-3 and tra-2, which regulates sexual fate. Translational repression might prevent some of these transcripts from inappropriately promoting spermatogenesis. In addition, the germ line is a large syncytium. As mRNAs can diffuse from areas of active differentiation to other regions, translational regulators might ensure that important messages are only translated in appropriate locations. Finally, translational regulation might allow a more rapid shift in cell fate in response to external cues, as the mRNAs needed to produce proteins such as TRA-1A and FEM-3 already exist, and could be activated or inactivated rapidly. Such rapidity might be important in carrying out the sperm to oocyte switch accurately in L4 hermaphrodites. 
General Considerations
Regulatory Loops and Branches in the Pathway that Controls Sexual Development
Although the sex determination pathway is traditionally depicted as linear, several branches and feedback mechanisms exist that have profound effects on sexual development. One branch was revealed by the observation that null mutations in tra-1 transform XX animals into fertile males, whereas null mutations in the upstream gene tra-2 cause only partial masculinization, resulting in pseudomales that cannot mate [40] . Hence, there must be some feminizing activity that acts in parallel to tra-2 ( Figure 5 ). This activity is controlled by xol-1, as inactivation of xol-1 causes tra-2 XX animals to develop as fertile males [6] . Because this effect does not depend on her-1 activity, xol-1 must influence tra-1 activity via a parallel pathway ( Figure 5) .
A second regulatory pathway appears to inhibit aberrant female development in both males and hermaphrodites, by regulating the subcellular localization of TRA-1A. The differences in nuclear levels of TRA-1A depend, at least in part, on nuclear export of the protein. In the nucleus TRA-1A binds to the 3′ UTR of tra-2 mRNA, which results in the export of the TRA-1A-tra-2 mRNA complex to the cytoplasm. What is the role of these additional loops and branches in sexual development? Interestingly, all three counteract the primary effects of their respective genes. The major role of XOL-1 is to promote male development, yet it also has a minor feminizing role. Similarly, TRA-1A and and tra-2 mRNA primarily promote female development, but they have a lesser role in promoting male cell fates. Finally, TRA-2A normally promotes oogenesis and female fates, but the TRA-2ic-TRA-1 interaction appears to cause spermatogenesis. We suspect that such regulatory interactions help stabilize the primary pathway. The process of sex determination requires amplifying a small difference in input, such as one versus two X chromosomes, into a clear, reproducible output. When sexual identity is first being established, these feedback loops and modulatory interactions might prevent random fluctuations in gene activity from being rapidly amplified into inappropriate cell fate decisions.
However, not all of the interactions in this process inhibit the effects of the genes in the primary pathway. For example, the FEM proteins act through TRA-1A to control the expression of fog-3 in the germ line, but also promote spermatogenesis independently of TRA-1A. This example shows that searching for a functional reason for each loop might be inappropriate. After all, the pathway reflects selection for a constant phenotype, the production of two sexes, rather than selection for a constant regulatory mechanism. Thus, one could imagine an ancestor of C. elegans in which tra-2 regulated tra-1 directly, and the fem genes played no role in sex determination. During the course of evolution however the fem genes might become first assistants in this regulatory cascade, and then required components of it. As long as the final outcome was the creation of two sexes, any of these regulatory changes would be allowed. This process would rapidly create and then alter or eliminate branches and loops in the regulatory process. If this model is correct, then one might expect striking differences in the mechanisms that determine sex in relatives of C. elegans.
Although tremendous progress has been made in the past few years in unraveling the complexities and nuances of sexual development in C. elegans, many important and intriguing questions still remain. 
